This paper provides an overview of current electric energy consumption of full-scale municipal MBR installations based on literature review and case studies. Energy requirements of several MBRs were linked to operational parameters and reactor performance. Total and specific energy consumption data were analysed on a long-term basis with special attention given to treated flow, design capacity, membrane area and effluent quality. The specific energy consumption of an MBR system is dependent on many factors, such as system design and layout, volume of treated flow, membrane utilization and operational strategy. Operation at optimal flow conditions results in a low specific energy consumption and energy efficient process. Energy consumption of membrane related modules was in the range of 0.5-0.7 kWh/m 3 and specific energy consumption for membrane aeration in flat sheet (FS) was 33-37% higher than in a hollow fibre (HF) system. Aeration is a major energy consumer, often exceeding 50% share of total energy consumption. In consequence, coarse bubble aeration applied for continuous membrane cleaning remains the main target for energy saving actions. Also, a certain potential for energy optimization without immediate danger of affecting the quality of the produced effluent was observed.
INTRODUCTION
A membrane bioreactor (MBR) combines biological wastewater treatment with a membrane separation step. MBR technology is rapidly developing with an increasing number of applications and increasing capacity. At present the number of MBR installations exceeds 800 installations in Europe alone. The MBR technology is now regarded as mature and various authors denominate MBR as the best available technology for industrial but also municipal wastewater treatment (Kraume & Drews ; Lesjean et al. ) . However, despite these developments, energy demand and related costs issues are, together with the membrane fouling issues, major drawbacks that restrict further expansion. High aeration rates for frequent membrane cleaning remain a challenge in terms of energy consumption and optimization of MBRs (Judd ; Verrecht et al. ) .
To research the specific energy requirements of MBRs and elucidate where possible future energy consumption reduction can be achieved, extensive research on the specific energy consumption in several full-scale MBR plants was performed. This paper provides an overview of current electric energy consumption of full-scale municipal MBR installations based on literature review and four case studies. Moreover, operational processes associated with aspects of energy are also investigated in this study.
Literature review
In the past 50 years, developments in MBR technology resulted in an energy demand reduction from about 5.0 kWh/m 3 , needed for the first side-stream MBRs, to 1.0 kWh/m 3 in 2001-2005 and very recently to about 0.5 kWh/m 3 for the present Zenon submerged MBRs (Buer & Cumin ) . The energy requirement of the first tubular side-stream MBR installations was reported to be typically 6.0-8.0 kWh/m 3 (Van Dijk & Roncken ), mainly due to energy intensive cross-flow pumping of the liquid. The introduction of the submerged membranes concept reduces the pumping energy requirement to 0.007 kWh/m 3 of permeate compared with values exceeding 3.0 kWh/m 3 required for the side-stream mode (Visvanathan et al. ) . The submerged concept allows reduction of average power consumption to 2.0 kWh/m 3 of treated water (Ueda et al. ) compared with 3.0-4.0 kWh/m 3 for a side-stream MBR.
In 2003, Cornel et al. () investigated the energy consumption of two full-scale municipal MBRs with and without a separate membrane tank. The one with membranes submerged in the aeration tank consumed about 1.0 kWh/m 3 and the one with separate membrane tank about 2.5 kWh/m 3 . In 2005, STOWA and Global Water Research Coalition published the State of the Science Report (STOWA ) on MBRs for municipal wastewater treatment in which energy consumption was reported to be in the range of 1.5-2.5 kWh/m 3 . Also Krause () reported the specific energy consumption of MBR plants to be in the range of 0.8-2.2 kWh/m 3 . During the period of 2001-2006 the energy consumption of European MBRs was notably reduced from 2.0 to less than 1.0 kWh/m 3 , mainly due to membrane module development and optimizations in process operation (Giesen et al. ) . Other authors (Van der Roest et al. ; Lesjean & Luck ) also observed improvement in energy efficiency and reported the energy demand for full-scale municipal MBR installations to be about 0.9-1.0 kWh/m 3 . Further improvement is possible, as the theoretical energy consumption for a municipal MBR with a separate membrane tank was estimated to be 0.8 kWh/m 3 (Krause & Cornel ) .
Information on energy demand of full-scale MBR plants published in peer-reviewed journals is limited. However, a considerable number of references can be found in other non-peer-reviewed publications. Typical energy demand values for MBR systems are reported to be in the range of 0.8-1.4 kWh/m 3 , but a wide range of energy consumption figures are reported in the literature (Lazarova et al. ) . For example, the energy usage of seven German full-scale municipal MBRs was reported to be: 0.7, 0.8, 1.0, 1.0, 1.2, 1.6 and 1.8 kWh/m 3 (Palmowski et al. ) . A summary of the energy requirements for various municipal MBRs is provided in Table 1 while Figure 1 presents histograms separated on the basis of membrane configuration (Figure 1(a) ) and flow rate (Figure 1(b) ).
Conventional activated sludge systems vs. membrane bioreactors
The energy consumption of membrane bioreactors is often compared with conventional activated sludge (CAS) wastewater treatment systems and is reported to be 30-50% (STOWA ; Lazarova et al. ), 75-90% (Van Bentem et al. , ) or 10 to 100% superior to CAS energy consumption (Livingstone et al. ) . The difference arises from the fact that the authors compared different MBR concepts and CAS plants with specific design and operational characteristics. For example, Mizuta & Shimada () analysed electric energy consumption at 985 Japanese municipal wastewater treatment plants (WWTPs) and reported consumption of CAS system to be between 0.3 and 1.9 kWh/ m 3 . Whereas the former value is beyond the potential of current MBRs, the latter one is easily achievable in most welloperated full-scale MBRs. However, also, much lower energy consumption values for CAS systems are reported. The CAS energy demand, expressed per volume of treated wastewater, widely ranges, being 0.1-0. and 0.9-2.9 kWh/m 3 for industrial applications (Cummings & Frenkel ) .
Due to intensive membrane aeration rates required to manage membrane fouling and clogging, MBR energy consumption was three times higher even when compared with CAS systems combined with advanced treatment techniques (Gnirss & Dittrich ) . However, the gap was significantly reduced in recent years. Nowadays, the MBR energy requirement is comparable with CAS with tertiary treatment (Brepols et al. ) , yet still 10-30% higher (Van Bentem et al. , ) . It should be noted, however, that a fair comparison of MBR systems with CAS systems is only possible when similar effluent quality is produced. Meaning, a direct comparison between MBR and even CAS with sand filtration is not appropriate.
Nevertheless, Krause & Dickerson () and Krause et al. () clearly stated that operation of a full-scale municipal MBR, with a total energy demand at the same range as a CAS process having an energy requirement of 0.5 kWh/m 3 , is possible provided a new mechanical cleaning process (MCP) and optimized PLC programming are used.
MATERIALS AND METHODS

MBR plant description
Four full-scale MBR installations treating mainly municipal wastewater in The Netherlands were investigated and assessed. The selected MBRs include plants equipped with flat sheet (FS) and hollow fibre (HF) membranes submerged in the separate filtration tank along with plant equipped with side-stream externally placed tubular (MT) membranes. A description of the investigated plants is presented in Table 2 . Heenvliet, Varsseveld and Ootmarsum MBRs were monitored in respect to energy consumption, operation and performance. However, for Ootmarsum WWTP, the presented energy consumption values are for the entire treatment plant, the MBR plus the CAS with sand filter. Due to lack of installed electricity measurement devices, available energy data are limited to the total energy for the WWTP and energy for aeration purposes only. Hence, the extensive analysis of the Ootmarsum MBR system is not feasible and only total plant consumption can be considered. Therefore, Ootmarsum MBR will not be discussed in terms of energy consumption and for the comparison studies another tubular installation, namely MBR Terneuzen, will be used.
Data collection, processing and analysis
This analysis was performed based on the data collected by the Waterboards at each location. The energy consumption data, reported as kWh, are based on the electric power consumed at each investigated location. The specific energy consumption data are reported as specific electricity consumption per volume of treated wastewater and expressed as kWh/m 3 . Additionally, parallel to the energy consumption study, plant performances were monitored and analysed in respect of their potential indirect relation with energy consumption. The performance of the MBR plants was evaluated in environmental and economic terms based on major performance indicators as proposed by 
RESULTS AND DISCUSSION
MBR performance
Good removal efficiencies of chemical oxygen demand (COD), biological oxygen demand (BOD) and Total Kjeldahl Table 3 .
Total and specific energy consumption
Detailed energy consumption data for three MBR installations are summarized and presented in Table 4 . The specific energy consumption for each MBR analysed on a long-term scale is presented in Figure 2 .
The specific energy consumption of the Heenvliet MBR varied between 0.8 and 1.8 and was on average 1.1 kWh/m 3 (Figure 2(a) ). For the total plant, thus for combined MBR and CAS systems at Heenvliet, the specific energy consumption ranged between 0.3 and 1.1 and was on average 0.6 kWh/m 3 .
The specific energy consumption of the Varsseveld MBR, presented in Figure 2(b) , varied between 0.6 and 1.4 and was on average 0.8 kWh/m 3 . The total energy consumption was reduced from the initial value 1.1 kWh/m 3 after the Figure 2(c) shows the energy results, based on daily values, from the first operational period of the Terneuzen MBR. The energy consumption of the not yet optimized installation varied between 0.8 and 1.3 with an average consumption of 0.97 kWh/m 3 . It is important to stress that major problems are usually visible during the plant startup but also with long-term experience. Hence, comparison between Terneuzen MBR and other MBRs already operated for many years should be done carefully. Nevertheless, it is expected that after start-up and the optimization period, energy consumption will be reduced to the design values of 0.5-0.6 kWh/m 3 (Mulder ) . Typical specific energy consumption values for a tubular airlift MBR are reported to be in the range of 0.4-1.0 kWh/m 3 (Judd ; Van 't Oever ; Helble & Mobius ). In 2008, specific energy consumption of only ultrafiltration installation, i.e. sludge circulation, membrane aeration, permeate and backwash pumps, in Ootmarsum was reported to be lower than 0.4 kWh/m 3 (Borgerink & Schonewille ) and in 2009 in the range of 0.2-0.3 kWh/m 3 (Futselaar et al. ) . This is lower than the currently achieved 0.7-0.8 kWh/m 3 in Terneuzen. Detailed distribution of energy consumption components for each MBR is presented in Figure 3 .
The specific energy consumption of Heenvliet MBR increased from 2008 to 2010 (Figure 3(a) ). This can be explained twofold. Firstly, the volume of treated flow in the MBR decreased leading to higher specific energy consumption. Secondly, the 2008 data do not include data from January to April, a period when heating WWTP buildings and offices is significantly contributing to higher specific energy consumption. Figure 3(b) shows an increase in the specific energy consumption in the year 2008, very likely due to maintenance works that were performed in the membrane tanks. At that time, in order to prevent membrane fouling or clogging, process settings for the MBR operation were much more conservative, i.e. higher aeration rates and increased recirculation. In 2009 the settings were optimized again, resulting in lower energy consumption.
In the case of WWTPs connected to the combined sewer system, such as Varsseveld, the specific energy consumption strongly depends on the weather conditions and amounts of treated flow. The volume of treated flow in the MBR Varsseveld was 10 and 15% lower in 2008 and 2009, respectively, compared with the previous years. Hence, as Varsseveld experienced very dry months, the energy consumption per m 3 was higher, leading to a high yearly average in 2009 and 2010. However, compared with other dry months in the past, the plant was actually performing much better in terms of total energy consumption. The energy consumption of the blowers producing air for membrane scouring was based on cyclic aeration: 15 s on and 15 s off. Implementation of more economical aeration strategy, so called 'eco-aeration', developed by the membrane supplier (Zenon-GE) and based on 10/30 intervals, could potentially save 50% of currently consumed energy (Buer & Cumin ) . The total specific energy consumption of the MBR could then be about 0. and the biological process contribute to nearly 70% of the total energy demand. The coarse bubble aeration is the largest consumer being 56% and 0.48 kWh/m 3 ; process aeration energy demand is 11%; mixers and recirculation pumps consumed 9 and 6%, respectively. The rest, 17%, is mainly associated with the pumping, i.e. recirculation, permeate extraction and sludge discharge, the pre-treatment, the mixers and the heaters during winter months. Figure 4(b) shows the percentage distribution of the energy consumption in the full-scale hollow fibre MBR in Varsseveld. The results show that blowers providing air for the membrane scouring and the biological process contribute to more than 50% of the total energy demand. The coarse bubble aeration is the largest consumer, being 36% and 0.3 kWh/m 3 ; process aeration energy demand is 17%; permeate and feed pumps consumed 15 and 11%, respectively. Energy consumption related with the membrane operation, i.e. membrane air scouring, feed and permeate pumps, required about 0.5-0.6 kWh/m 3 of treated wastewater. The rest (16%) represents energy consumed by the other installed equipment. The three main contributors are: the pump for internal recirculation from the oxic to the anoxic zone, about 0.03 kWh/m 3 ; the mixers in the anoxic tank, about 0.025 kWh/m 3 ; and the recirculation pump that pumps sludge from the oxic zone to the fine screens, about 0.02 kWh/m 3 . Other individual components, with energy usage less than 0.01 kWh/m 3 , are the chemical dosing pumps, the waste sludge pumps, the gravity thickener, the thickened sludge pumps, the process water pumps and the heating of the buildings (Van Bentem ).
Figure 4(c) shows the percentage distribution of the energy consumption in the full-scale tubular MBR in Terneuzen. Membrane aeration, doubled at the time due to a clogging problem of the aerators, is responsible for consumption of 35% of total energy. The airlift system, i.e. feed and permeate pumps, contributes to 46% of total energy consumption, mainly due to the high recirculation rate of activated sludge. The rest, 11%, is representing other smaller contributors such as: waste sludge pump, iron-chloride dosing pump, online measurements, lights and computers at offices.
Flow dependency
Operation at optimal flow conditions, i.e. close to design flow at dry weather conditions (DWF), results in low specific energy consumption of about 0.7-0.8 kWh/m 3 ( Figure 5 ). Under these high utilization conditions, reduction in energy consumption was, depending on the plant, between 5 and 20% compared with the average energy consumption. This is due to the fact that required membrane aeration rates are not proportional to the volumes of the treated flow. This phenomenon is also partially explained by operation of the process equipment, e.g. pumps and blowers, at or near their best efficient points when the flow increases. Although total energy consumption increased as the flow increases, an improvement in energy efficiency was observed with increase in the volume of treated wastewater. Contrarily, sub-optimal operation below the design flow leads to higher specific energy consumption values. Figure 6 presents specific energy consumption as a function of plant capacity for Dutch and German municipal MBR plants (adopted from Pinnekamp ). Although, the smallest installations are the least energy efficient, the biggest are not the most efficient ones either. Hence, the capacity of the plant does not determine the energy efficiency of the installation. Furthermore, all of the compared MBRs were more energy demanding than the average CAS treatment plant in The Netherlands, represented by the benchmark value. General improvement in the range of 11-19% in energy efficiency for Dutch MBRs was observed during the 2008-2009 period.
Plant capacity and membrane area
The specific energy consumption per area of the membranes installed was lower for hollow fibre installation (Figure 7) . The observed improvement for Heenvliet MBR is a logical consequence, also reported in the literature by Judd (), of an operational concept change from serial to parallel where only a small fraction, i.e. 25%, of the influent is treated in the MBR. As a result, since March 2009, two membrane lines were operated alternately to increase membrane utilization and to reduce energy demand for membrane air-scouring. Obviously, the operational power demand increases with the amount of membranes installed in a submerged system. However, when energy usage is normalized for the membrane area, their specific energy consumption decreases. Thus, big MBR installations are more energy efficient, in terms of membrane surface specific energy consumption (in kWh/m 2 ), compared with the small ones. Additionally, operation of side-stream membranes is the most energy demanding. However, because side-stream systems can apply higher fluxes, it needs less membranes than submerged systems and thus requires lower capital costs. When results are compared for similar capacity, side-stream systems require 60-70% less membranes.
Effluent quality
Analysis was performed based on the Heenvliet MBR due to the availability of a large energy and effluent data set. No direct relation between total and specific energy consumption and concentration of total suspended solids (TSS), COD, BOD, P-Total, N-Total and TKN in the effluent was observed. Also when accounting for the specific energy requirements for process and membrane aeration rates no clear dependency on effluent quality could be determined. Hence, certain potential energy savings will not have a direct impact on effluent quality. This observation is in agreement with Verrecht et al. () who reported a reduction in energy consumption in a small-scale decentralized MBR by 23% without compromising effluent quality, represented by COD and NO 3 -N data. However, for a more accurate assessment of the potential energy reduction in a full-scale MBR, more specific measurements and detailed analysis is required. It was also observed that Figure 6 | Energy consumption as a function of plant design capacity (Pinnekamp 2008) . effluent concentrations of analysed parameters, i.e. COD, BOD and TKN, were not dependent on the influent concentrations. Only the effluent P-Total was slightly affected by the influent concentration.
CONCLUSIONS
Specific energy requirements of several MBRs were linked to operational parameters and reactor performance. Based on the results presented in this paper, the following conclusions can be made:
• The municipal MBRs are well operated, with good performance, without major problems and, despite often sub-optimal operation, consume on average 0.8-1.1 kWh/m 3 ; values similar to other comparable installations.
• Investigated full-scale MBRs have a potential for further improvement in energy efficiency.
• Operation at optimal flow conditions, i.e. close to design flow at dry weather conditions (DWF), results in a low specific energy consumption of about 0.7 kWh/m 3 . Also increase in the applied flux results in low energy consumption.
• The specific energy consumption of an MBR system is dependent on many factors, such as system design and layout, volume of treated flow, membrane utilization and operational strategy.
• Lack of clear correlation between total and specific energy consumption and TSS, COD, BOD, N-Total and TKN concentrations in the effluent indicate a potential for energy optimization studies without immediate danger of affecting the quality of the produced effluent.
• Aeration is a major energy consumer, often exceeding 50% share of total energy consumption, with a minimum of 35% for membrane aeration. In consequence, coarse bubble aeration applied for continuous membrane cleaning remains the main target for energy saving actions.
• Specific energy consumption for membrane aeration in flat sheet MBR was 33-37% higher than in hollow fibre system whereas total specific energy consumption differs only 0.2 kWh/m 3 .
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